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We investigated expression, functionality and subcellular localization ofC. albicansBcy1p, the PKA regulatory subunit, in mutant strains having
one BCY1 allele fused to a green fluorescent protein (GFP). DE-52 column chromatography of soluble extracts of yeast cells from strains bearing one
BCY1 allele (fused or not to GFP) showed co-elution of Bcy1p and Bcy1p-GFP with phosphotransferase activity, suggesting that interaction between
regulatory and catalytic subunits was not impaired by the GFP tag. Subcellular localization of Bcy1p-GFP supports our previous hypothesis on the
nuclear localization of the regulatory subunit, which can thus tether the PKA catalytic subunit to the nucleus. Protein modeling of CaBcy1p, showed
that the fusion of the GFP tag to Bcy1p C-terminus did not significantly disturb its proper folding. Bcy1p levels in mutant strains having one or both
BCY1 alleles, led us to establish a direct correlation between the amount of protein and the number of alleles, indicating that deletion of oneBCY1 allele
is not fully compensated by overexpression of the other. The morphogenetic behavior of severalC. albicansmutant strains bearing one or both BCY1
alleles, in awild-type and in aTPK2 null genetic background,was assessed inN-acetylglucosamine (GlcNAc) liquidmediumat 37 °C. Strainswith one
BCY1 allele tagged or not, behaved similarly, displaying pseudohyphae and true hyphae. In contrast, hyphal morphology was almost exclusive in
strains having bothBCY1 alleles, irrespective of theGFP insertion. It can be inferred that a tight regulation of PKAactivity is needed for hyphal growth.
© 2005 Elsevier B.V. All rights reserved.Keywords: Candida albicans; Protein expression; BCY1 mutant; Subcellular localization1. Introduction
Candida albicans is an opportunistic fungal human pathogen
of increasing medical significance in immunocompromised
patients [1,2]. This pleiomorphic fungus has the ability to
switch its mode of growth from budding yeast-cells (blastos-
pores) to a filamentous form (either hyphae or pseudohyphae) in
response to a wide variety of environmental signals. Biochem-
ical and genetic evidences suggest that although the morpho-
genetic switch to the filamentous mode of growth is necessaryAbbreviations: PKA, cAMP-dependent protein kinase; GlcNAc, N-
acetylglucosamine; GFP, Green Fluorescent Protein; CFW, Calcofluor white;
DAPI, 4,6-diamino-2-phenylindol
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doi:10.1016/j.bbamcr.2005.11.016for pathogenicity and virulence [3] it is not sufficient to trigger
disease [4]. The association between morphology and pathoge-
nicity has been the focus of intensive research devoted to the
study of developmental programs involved in the dimorphic
transition.
Despite the diversity of signals promoting dimorphic
transitions in several fungal species, pathways transducing
external signals to the cellular machinery are significantly
conserved among them. This conservation allowed the identi-
fication of components of these pathways based on the insight
gained from studies of pseudohyphal formation in Saccharo-
myces cerevisiae. InC. albicans, twomajor pathways implicated
in dimorphism have been established: the mitogen-activated
protein kinase and the cyclic AMP (cAMP)/cAMP-dependent
protein kinase (PKA) transduction pathways (for a review see
Ref. [5]). Activation of the cAMP pathway through the G protein
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induced morphogenesis, while in S. cerevisiae this pathway is
activated by the glucose sensing GPCR mechanism [6]. As in S.
cerevisiae, the Cdc25-Ras module conveys signals to the
mitogen-activated protein kinase and to the cAMP/PKA
signalling pathways [7]. Downstream of CaRAS1 are CDC35,
encoding an adenylyl cyclase [8], TPK1 [9] and TPK2 [10],
encoding the PKA catalytic subunits, and BCY1 [11], coding for
the sole PKA regulatory subunit. Transcription factor Efg1p, the
last known component of the cascade, upon phosphorylation by
PKA, regulates genes related to cAMP-dependent morphogen-
esis [12]. Although it has been established that both PKA
isoforms, Tpk1p and Tpk2p, act positively in the morphogenetic
process [9,10,13] regulation of phosphotransferase activity is
necessary for efficient mycelial development. In fact, it has been
demonstrated that although filamentation is stimulated upon
overexpression of TPKs, normal hyphal development is not [9].
Moreover, Jung and Stateva [14] demonstrated that in liquid
media, constitutive activation of the cAMP pathway following
deletion of PDE2, encoding the high cAMP-affinity phospho-
diesterase, inhibits hyphal but not pseudohyphal growth. Also,
recent work from our laboratory showed that although C.
albicans homozygous bcy1 mutant strain is not viable, the
derived strain tpk2 bcy1 is unable to form true hyphae but not
pseudohyphae in spite of its constitutive PKA catalytic activity.
Moreover, in this mutant strain, Tpk1p appears dispersed
throughout the cell unlike the parental strain bearing Bcy1p, in
which Tpk1p was predominantly nuclear [11]. In the present
study, we investigated the expression, functionality and
localization of Bcy1p in several mutant strains having one
BCY1 allele fused to a green fluorescent protein (GFP). The
results presented here support our previous hypothesis suggest-
ing the nuclear localization of Bcy1p and its role in tethering the
PKA catalytic subunits to the nucleus. We also assessed PKA
activity, Bcy1p levels and the germinative behavior of strains
bearing one BCY1 allele in several genetic backgrounds. Our
data indicate that a tight regulation of PKA activity is required to
optimize the extent of hyphal versus pseudohyphal growth.
2. Materials and methods
2.1. Chemicals
Reagents were purchased as follows: kemptide (LRRASLG), cAMP,
Calcofluor white, ATP, anti-rabbit IgG and anti-mouse IgG (both conjugatedTable 1
C. albicans strains used in this study
Strain Genotype
CAI4 ura3∷λimm434/ura3
LG65 ura3∷λimm434/ura3∷λimm434 Δbcy1∷Cat/BC
IIHH6-4a ura3∷λimm434/ura3∷ λimm434 Δtpk1∷hisG/ Δ
H2D ura3∷λ imm434/ura3∷λ imm434 Δtpk2∷Cat/Δ
tpk2 BCY1/bcy1 ura3∷λimm434/ura3∷λimm434 Δtpk2∷Cat/Δ t
tpk2 bcy1 ura3∷λimm434/ura3∷λimm434 Δtpk2∷Cat/Δ t
RG09 ura3∷λimm434/ura3∷λimm434 Δtpk1∷Cat/Δtp
RG05 ura3∷λimm434/ura3∷λimm434Δtpk2∷Cat/Δtpk
RG01 ura3∷λimm434/ura3∷λimm434 Δtpk2∷Cat/Δtpto alkaline phosphatase), 4,6-diamino-2-phenylindol, trypan blue, Sigma
Chemical Co.; phosphocellulose paper P-81 and DE-52 were from Whatman;
kaleidoscope polypeptide standards, BioRad; polyvinylidene difluoride mem-
branes (Immobilon-P), Millipore Corp.; monoclonal anti-green fluorescent
protein (GFP), Clontech; [γ-32P]ATP, New England Nuclear; MDY-64 from
Invitrogen Molecular Probes; ‘Complete mini’ protease mix, Roche. All other
chemicals were of analytical grade.
2.2. Yeast strains, media, and culture conditions
C. albicans strains used in this study, listed in Table 1, were cultured at 30 °C
in YPD (1% yeast extract, 2% peptone, and 2% dextrose). CAI4 [15] and its
auxotrophic strains were grown in YPD medium supplemented with uridine (50
μg/ml). Strains carrying the Bcy1-GFP fusion protein were grown on solid or
liquid SD medium [16] lacking uridine.
Germ-tube formation experiments were performed essentially as described
previously [17] except that the minimal medium described by Shepherd et al.
[18] was used throughout. Cells from the stationary phase of growth were
washed twice with distilled water and resuspended to a final density of 2×106
cells/ml in the incubation medium containing 10 mM GlcNAc. Cultures were
incubated at 37 °C with orbital agitation and samples were removed at various
times up to 2 h. Cell morphology was examined by light microscopy.
2.3. Staining procedures
Chitin staining was done by directly adding Calcofluor white (CFW) 1 μg to
100 μl of cell suspension, incubating for 15 min, and washing. For vacuole
staining, overnight cultures grown in liquid YPD were stained with the
lipophylic dye MDY-64 [19].
2.4. Cell viability
Cell growth was monitored by measuring the OD at 600 nm of cultures
growing in liquid YPD at 30 °C with orbital agitation. Cell viability was
estimated at 0, 12 and 24 h of growth by the trypan blue exclusion technique
[20]. Cells from 1 ml culture were harvested by centrifugation, washed,
resuspended in distilled water and treated with 0.4% trypan blue for 5 to 10 min.
The number of stained (dead) and unstained (viable) cells was assessed
microscopically. A minimum of 300 cells were scored.
2.5. DNA manipulations and analysis
All DNA manipulations were carried out according to standard protocols
[21]. DNA purifications were performed with Qiagen affinity columns
following the manufacturer's recommendations.
2.6. Construction of the Bcy1-GFP fusion protein
For construction of the Bcy1-GFP fusion protein, the method developed by
Gerami-Nejad et al. [22] was used. Briefly, this method uses PCR primers with
5′ ends identical to the desired target gene sequences, and 3′ ends that direct
amplification of the GFP gene along with the selectable marker URA3. TheSource
Fonzi and Irwin [15]
Y1 Cassola et al. [11]
tpk1∷hisG Bockmühl et al. [9]
tpk2∷Cat Cloutier et al. [13]
pk2∷Cat Δ bcy1∷Cat/BCY1 Cassola et al. [11]
pk2∷Cat bcy1/bcy1 Cassola et al. [11]
k1∷Cat BCY1/BCY1-GFP-URA3 This study
2∷Cat BCY1/BCY1-GFP-URA3 This study
k2∷Cat Δbcy1∷Cat/BCY1-GFP-URA3 This study
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carrying the inserted marker at the locus of interest were identified.
PCRs were performed with 0.1 μg of pGFP-URA3 as template, 0.6 μM each
of primers: 5′-TGTGGAGGTATTGAAAGAACAAGACCCTACAAAGAGT-
CAAGACCCAACTGCTGGTCATGGTGGTGGTTCAAAGGTGAAGAAT-
TATT- (forward) and 5′-ACGGCCGGATAACTTCAATAATGTTCAACCCA-
TGGGAAGCTCGTTCATGCTGCCATCTCGTATCTAGAAGGAC-
CACCTTTGATTG- (reverse), 5 mM MgCl2, 5 μl of 10× PCR buffer, 0.4 mM
each of deoxynucleoside triphosphate, and 4 U of a 2:1 mixture of Taq DNA
polymerase (Promega) and Vent DNA polymerase (New England Biolabs). The
50 μl reactions were run for 4 min at 94 °C, then for 25 cycles of 1 min at 94 °C,
1 min at 60 °C, and 3 min at 72 °C, followed by 10 min at 72 °C. The products
from ten PCRs were pooled, precipitated with ethanol, resuspended in 50 μl of
water, and used to transformC. albicans tpk1 and tpk2 null mutants, and the tpk2
BCY1/bcy1 strain according to Wilson et al. [23]. Transformants were selected
on SD medium [16] lacking uridine. Identification of transformants carrying the
properly integrated cassette was performed by PCR on total genomic DNA and
on whole isolated colonies using one primer annealing within the transformation
module (5′-CCACCACCAACCAAGAGCCA-3′) and a second primer anneal-
ing to the 3′ genomic region located outside of the integrated module (5′-
GCCACGAATACTTCCAACAG-3′).
The tagged strains derived from tpk1, tpk2 and the tpk2 BCY1/bcy1 strains
were named RG09, RG05 and RG01, respectively.
2.7. Preparation of extracts and DE-52 column chromatography
C. albicans yeast cells (1–2×107) from stationary phase were suspended in
500 μl of 10 mM sodium phosphate buffer (pH 6.8) containing 1 mM EGTA, 1
mM EDTA, 10 mM β-mercaptoethanol and one tablet of ‘Complete mini’
protease mix per 10 ml (buffer A). Cells were then lysed by disruption with glass
beads as described previously [11]. The resulting suspension was spun down in a
microcentrifuge at maximum speed for 30 min to sediment unbroken cells and
cellular debris. Crude extracts were centrifuged at 100,000×g for 45 min and the
supernatant obtained, referred to as the S100 fraction, was used immediately for
enzymatic assays or for DE-52 column chromatography.
S100 fractions obtained from strains tpk2, tpk2 BCY1/bcy1, and tpk2
BCY1-GFP/bcy1 were separately adsorbed onto DE-52 columns (1 ml)
equilibrated with buffer A. The columns were washed with 10 ml of buffer A
and proteins were eluted stepwise with 10 ml each of: 100, 200, 300 and 400
mM NaCl, prepared in the same buffer. Fractions of 600 μl were collected and
PKA activity was measured in 35 μl aliquots of each fraction. Aliquots of 50 μl
were saved for SDS-PAGE and immunoblotting. All operations were performed
at 4 °C.
2.8. Assay of PKA activity
Phosphotransferase activity was measured as previously described [24].
Briefly, the standard assay mixture contained 20 mM Tris–HCl (pH 7.5), 10 mM
MgCl2, 10 mM β-mercaptoethanol, 0.1 mM kemptide, 0.1 mM [γ-
32P]ATP
(0.1 to 0.5 Ci/mmol), and 10 μM cAMP when required, in a final volume of 60
μl. After incubation for 10 min at 30 °C, 50 μl aliquots were spotted on
phosphocellulose papers and dropped into 75 mM phosphoric acid for washing
[25].
2.9. Protein determination
Protein concentration was determined by the method of Lowry [26] using
bovine serum albumin as standard.
2.10. Western blot analysis
Bcy1p expression was assessed by Western blot analysis. Proteins from
crude extracts were resolved by 10% SDS-PAGE according to Laemmli [27] and
transferred to PVDF membranes by semidry electroblotting. The blots were
blocked with 5% nonfat dried milk and incubated overnight with anti-C.
albicans Bcy1p antiserum generated in the laboratory, or with a commercial
monoclonal anti-GFP antibody. Immunological detection was performed using
anti-rabbit or anti-mouse IgG conjugated to alkaline phosphatase. For Bcy1p
expression level analyses loading and transfer were monitored by Ponceau Sstaining of the membranes. Pre-stained carbonic anhydrase was also included as
a transference control.
2.11. GFP fluorescence microscopy
For fluorescence microscopy, cells were used without fixation. Nuclei were
stained by the addition of 1 μg of 4,6-diamino-2-phenylindol (DAPI) per ml of
cell suspension. Cells were visualized with an Olympus BX50 fluorescence
microscope. Images were taken with a CoolSNAP-Procf color digital camera kit
with Image Pro Plus software (Media Cybernetics).
2.12. Sequence alignment and prediction of tertiary structure
Themultiple sequence alignment was performedwith ClustalW [28]. For the
3D structure prediction with rat RIIβ (PDB entry 1CX4) and bovine RIα (PDB
entry 1NE4) as templates, the sequence of C. albicans regulatory subunit was
submitted to the Swiss-Model Server [29] (http://expasy.hcuge.ch/swissmod/
SWISS-MODEL.html), which runs the software ProMod II [30]. The 3D
structure was visualized with the software Swiss-Pdb Viewer 3.7 [31].3. Results and discussion
3.1. Expression of Bcy1p-GFP
We have previously shown that in strains CAI4 and tpk2,
having both BCY1 alleles, the catalytic isoform Tpk1p fused to
GFP localizes predominantly to the nucleus, whereas in the
mutant tpk2 bcy1 it is found dispersed throughout the whole cell.
We therefore proposed that inC. albicans, the presence of Bcy1p
was allowing the nuclear localization of Tpk1p [11]. To confirm
this hypothesis we had to address the subcellular localization of
Bcy1p. To that end, we generated three different strains bearing a
GFP-tagged version of Bcy1p: tpk1 BCY1-GFP (RG09), tpk2
BCY1-GFP (RG05) and tpk2 BCY1-GFP/bcy1 (RG01). It is
worthwhile mentioning that we fused the GFP tag to the 3′end of
BCY1, leaving the fused genes under the control of the wild-type
BCY1 promoter. For unknown reasons, attempts to tag BCY1 in
CAI4 and BCY1/bcy1 strains were unsuccessful.
Prior to assessing the localization of Bcy1p we evaluated the
expression and functionality of the fused protein in extracts from
strains bearing the tagged BCY1 allele using untagged strains
tpk2 (H2D), tpk1 (IIHH6-4a) and tpk2 BCY1/bcy1 as controls.
As can be seen in Fig. 1, anti-C. albicans Bcy1p antiserum and
monoclonal anti-GFP antibody recognized a 92 kDa band, the
expected molecular mass for the GFP-tagged Bcy1p. Thus, both
alleles appeared to be properly expressed, suggesting that no
mechanismwas at play to favor the expression of one allele at the
detriment of the other. No free GFPwas detected, suggesting that
no significant degradation of the fusion protein occurred.
3.2. Functionality of the fused protein Bcy1-GFP
The relevant function of the PKA regulatory subunit is its
ability to interact with the catalytic subunits, inhibiting their
phosphotransferase activity. In order to obtain a more accurate
measurement of PKA activity and to investigate the interaction
between the subunits of the holoenzyme, S100 fractions from
tpk2 control strain, and from tpk2 BCY1/bcy1 and tpk2 BCY1-
GFP/bcy1 mutant strains, were fractionated on DE-52 columns.
Fig. 2. DE-52 column chromatography of S100 fractions from tpk2 (H2D), tpk2
BCY1/bcy1 and tpk2 BCY1-GFP/bcy1 (RG01) mutant strains. The S100 fraction
(20 mg of protein) from each strain was separately applied onto a 1 ml DE-52
column, washed and developed as described in Materials and methods. Fractions
were assayed for phosphotransferase activity in the presence of 10 μM cAMP.
(A) Control tpk2 strain; (B) derived tpk2 BCY1/bcy1 strain; (C) tpk2 BCY1-GFP/
bcy1 strain. The inset in each panel shows the immunodetection of Bcy1p in the
fraction displaying the maximum activity value. Appropriate aliquots were
subjected to 10% SDS-PAGE and immunoblotted with the anti-C. albicans
Bcy1p antiserum (lane 1) or anti-GFP antibody (lane 2). At the bottom of each
inset, r indicates PKA activity ratio (−cAMP/+cAMP).
Fig. 1. Western blot analysis of crude extracts from strains tpk1 (IIHH6-4a), tpk1
BCY1-GFP (RG09), tpk2 (H2D), tpk2 BCY1-GFP (RG05), tpk2 BCY1/bcy1 and
tpk2 BCY1-GFP/bcy1 (RG01). Equal amounts of protein (10 μg) were subjected
to 10% SDS-PAGE, transferred to a PVDF membrane, and reacted with anti-C.
albicans Bcy1p antiserum (panel A), or with a monoclonal anti-GFP antibody
(panel B) as described in Materials and methods. Bcy1p and Bcy1p-GFP
molecular masses are indicated on the left.
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protein were estimated as described in Materials and methods.
Fig. 2 shows the elution profiles obtained from one experiment
out of three performed with extracts from independent cultures.
As can be seen, themain peak of PKA activity, irrespective of the
strain analyzed, eluted from the column at the same salt
concentration (200 mMNaCl). Furthermore, cAMP dependence
of PKA activity (expressed as the ratio −/+ cAMP) in the peak
fractions from tpk2 BCY1/bcy1 (0.68) and tpk2 BCY1-GFP/bcy1
(0.63) was slightly higher than that of soluble extracts (0.77 and
0.81, respectively, see Fig. 5), due to the loss of free catalytic
subunit in the percolate. Immunodetection of Bcy1p in fractions
from each column was performed using anti-C. albicans Bcy1p
antiserum or anti-GFP antibody. In the three strains, Bcy1p was
detected only in fractions corresponding to the main peak of
PKA activity (see the insets of Fig. 2), indicating the absence of
detectable amounts of free regulatory subunits.
These results reinforce the idea that in tpk2 BCY1-GFP/bcy1
the chimeric Bcy1-GFP subunit is indeed able to interact with
Tpk1p to form the holoenzyme.
3.3. Subcellular localization of Bcy1p-GFP
Localization of Bcy1p in yeast cells grown in YPD or SD-
uridine liquid and solid media expressing the GFP-tagged
protein, was assessed by fluorescence microscopy. Fluorescence
was detected in logarithmic and stationary phase cells in the
three strains bearing the BCY1-GFP construction, being stronger
in stationary phase cells whether grown in liquid or solid media
(see below). This result seems to indicate that expression of
Bcy1p is growth phase-regulated in C. albicans at least in
glucose containing media. Subcellular localization of the Bcy1-
GFP fusion protein in stationary yeast cells from solid SD-
uridine medium is shown in Fig. 3. In tpk1 BCY1-GFP and tpk2
BCY1-GFP mutant cells, the Bcy1-GFP fusion protein localizes
mainly to the nucleus while in the case of mutant tpk2 BCY1-
Fig. 3. Subcellular localization of Bcy1p-GFP. Localization of the fusion protein was visualized by fluorescence microscopy in strains tpk1 BCY1-GFP (RG09), tpk2
BCY1-GFP (RG05) and tpk2 BCY1-GFP/bcy1 (RG01), upper panels. Nuclei were visualized by DAPI staining (lower panels). Scale bar, 5 μm.
Fig. 4. Backbone model of the three-dimensional structure of the C. albicans
PKA regulatory subunit. C. albicans Bcy1p was modeled through the Swiss-
Model Modeling Server, using as templates the coordinates of the rat RIIβ
subunit (1CX4) and bovine RIα subunit (1NE4). The GFP insertion site is
indicated by an arrow.
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concentrated in the nucleus, appearing also in the cytoplasm
(upper panel).
Nuclear localization of the regulatory subunit, previously
recognized in S. cerevisiae [32] and now demonstrated in C.
albicans, could possibly be a mechanism used to anchor the
holoenzyme so that it can fulfill the metabolic needs of the cell.
In multicellular organisms, A-kinase anchor proteins (AKAPs)
dock inactive PKA holoenzymes to discrete intracellular
locations [33]. To date, no anchoring proteins have been
identified in unicellular eukaryotes. Sequence analysis of the
C. albicans PKA catalytic and regulatory subunits did not reveal
any obvious signals for nuclear localization or nuclear export.
Therefore, the existence of other protein(s) with the capacity to
drive the localization of PKA in the cell seems likely. It was also
shown in S. cerevisiae that the nuclear localization of Bcy1p
depends on phosphorylation of the N-terminal domain by Yak1
[34]. A search in the Prosite database indicates that the C.
albicans regulatory subunit also has potential phosphorylation
sites for several kinases, in addition to the autophosphorylatable
site (Ser 180). Indeed, CaBcy1p was found to be a phospho-
protein in vivo [35].
3.4. Structural analysis of the Bcy1p regulatory subunit
To complete the results described above, we assessed the
spatial localization of GFP within Bcy1p. To do so, the 3D
molecular modeling of C. albicans Bcy1p was obtained through
the Swiss-Model Protein Modeling Server, using as templates
the coordinates of the crystallized rat RIIβ subunit (PDB entry
1CX4) and bovine RIα subunit (1NE4). The overall C. albicans
deduced amino acid sequence was highly homologous to the
corresponding PKA regulatory subunit in higher eukaryotes,
54% to rat and 60% to bovine sequences.
The Z values of the root mean square of data from bond
lengths, bond angles, and torsion angles were not far from 1
and were within the range of values expected for a naturally
folded protein. The Ramachandran score, expressing how
well the backbone conformations of all residues are
corresponding to allowed areas in the Ramachandran plot,
is within the estimated ranges for well-refined structures. Thesuperposition of the backbones of C. albicans Bcy1p with
those of the templates, shown in Fig. 4, indicates an almost
complete overlap and thus a very likely tertiary structure.
Since it has been reported that in Dictyostelium discoideum,
the fusion of GFP to the C-terminus of the PKA regulatory
subunit only moderately disturbs the proper folding of the
protein without altering its functionality [36], it is not
surprising to find that the presence of a similar GFP tag at
the C-terminus of C. albicans Bcy1p does not alter
functionality either.
3.5. PKA activity in mutant strains bearing only one BCY1 allele
Previous results from our laboratory have shown that PKA
activity of strain tpk2, which is roughly 10% of that of wild-type
Fig. 5. PKA activity of S100 fractions fromCAI4, BCY1/bcy1 (LG65), tpk2 (H2D),
tpk2 BCY1/bcy1, tpk2 BCY1-GFP/bcy1 (RG01) and tpk2 bcy1 strains. Phospho-
transferase activity was measured in aliquots of S100 fractions in the presence (gray
bars) and absence (empty bars) of 10 μM cAMP as described in Materials and
methods. Values are means±S.D. from three independent experiments.
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mutant tpk2 bcy1 displays a phosphotransferase activity inde-
pendent of the cyclic nucleotide [11]. Therefore, we evaluated
PKA activity and cAMP dependence in the BCY1/bcy1, tpk2
BCY1/bcy1 and in the derived strain tpk2 BCY1-GFP/bcy1, in
order to determine whether the loss of one BCY1 allele wasFig. 6. Comparison of Bcy1p levels in the mutant strain BCY1/bcy1 (LG65) with thos
those of the control tpk2 (H2D) strain by Western blot analysis. (A and C) Crude extr
were resolved in a 10% SDS-PAGE, transferred to PVDF membranes and developed
The molecular masses of Bcy1p, Bcy1p-GFP and carbonic anhydrase (CA) are indica
Immunoblots were quantified using the GELBASE and SOL (UVP Inc.) program. To
of the immunoreactive blot detected from 2.5 μg protein of wild-type strain CAI4, arb
tpk2 strain was set to 100%. Values are means±S.D. from six independent experimreflected in the kinase activity. Phosphotransferase activity
and cAMP dependence were measured in S100 fractions
prepared from these strains and from CAI4, tpk2 and tpk2
bcy1 strains used as controls. As can be seen in Fig. 5, in
the presence of saturating amounts of cAMP, PKA specific
activity in the BCY1/bcy1 was similar to that of the control
strain CAI4, whereas phosphotransferase activity of tpk2
BCY1/bcy1 and tpk2 BCY1-GFP/bcy1 mutant strains was
slightly lower than that of control strain tpk2. The cAMP
dependence of PKA activity (expressed as the ratio −/+
cAMP) was lower in soluble extracts from BCY1/bcy1
(0.31) in comparison with that of the parental strain (0.2).
As for tpk2 BCY1/bcy1 and tpk2 BCY1-GFP/bcy1 mutant
strains cAMP dependence was reduced (0.77 and 0.81,
respectively) compared to that of parental strain tpk2 (0.4).
As expected, tpk2 bcy1 displayed a cAMP-independent PKA
activity.
Reduction in cAMP dependence could be due to unbalanced
amounts of catalytic and regulatory subunits in the mutant
strains harboring a single BCY1 allele, possibly as a
consequence of lower Bcy1p expression levels.
3.6. Bcy1p expression levels
In order to investigate whether the loss of one BCY1
allele would lead to the over-expression of the remaining
allele, levels of Bcy1 protein in the parental strain CAI4 and
in the BCY1/bcy1, as well as tpk2, tpk2 BCY1/bcy1 and tpk2e of CAI4 strain, and in tpk2 BCY1/bcy1 and tpk2 BCY1-GFP/bcy1 (RG01) with
acts from stationary phase cells, containing equal decreasing amounts of protein,
with anti-C. albicans Bcy1p antiserum as described in Materials and methods.
ted on the right of panels A and C. (B and D) densitometry scanning of the blots.
allow comparison of the samples, data in panel B were expressed as a percentage
itrarily set to 100%. In panel D, the band detected from 10 μg protein of control
ents.
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blot analysis. The results obtained are shown in Fig. 6A and
C. Densitometry scanning of the blots (Fig. 6B and D)
revealed that Bcy1p levels in mutant strains BCY1/bcy1 and
tpk2 BCY1/bcy1 were lower than those found in their
respective parental strains (CAI4 and tpk2), indicating thatFig. 7. Germinative behavior of strains CAI4, BCY1/bcy1 (LG65), tpk2 (H2D), tpk2
bcy1. Stationary-phase yeast cells were induced to germinate for 2 h at 37 °C in mi
analysis of vacuolar morphology through endocytosis of the lipophylic dye MDY-64
scale bar, 10 μm.deletion of one BCY1 allele is not fully compensated by
overexpression of the other allele. Bcy1p levels detected in
tpk2 BCY1/bcy1 and in tpk2 BCY1-GFP/bcy1 strains were
nearly the same, suggesting that the fusion with GFP does
not significantly alter the expression or stability of the
chimeric protein.BCY1-GFP (RG05), tpk2 BCY1/bcy1, tpk2 BCY1-GFP/bcy1 (RG01) and tpk2
nimal medium containing 10 mM GlcNAc (A), scale bar 5 μm. Panel B shows
at time 0, scale bar 10 μm. (C) Germinated cells stained with CFW at time 2 h,
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mutant strains in GlcNAc inducing liquid medium
The positive role of both PKA catalytic subunit isoforms,
Tpk1p and Tpk2p, in the induction of C. albicans filamentous
growth has been clearly established [9,10,13,17]. It has been
already reported that a mutant strain devoid of both BCY1
alleles (tpk2 bcy1) [11] as well as strains overexpressing BCY1
[37] are inhibited in true hyphal formation, suggesting that a
proper regulation of phosphotransferase activity is required for
the yeast to mycelial shift to occur. In view of these findings, it
seemed relevant to assess the cell morphology and germinative
behavior of mutant strains lacking a BCY1 allele in a wild-type
and in a TPK2 null genetic background, and that of the new set
of strains in which a single BCY1 allele was fused to GFP.
As can be seen in Fig. 7A, at 0 h strains lacking one BCY1
allele, BCY1/bcy1, tpk2 BCY1/bcy1 and tpk2 BCY1-GFP/bcy1
exhibited similar heterogeneity in cell morphology, with mainly
enlarged oblong cells and short chains of elongated cells
(compare panels b, i and j with a, c and d corresponding to yeast
cells bearing both BCY1 alleles). MDY-64 staining clearly
shows expanded vacuole occupying a larger extent of the cell in
these mutants (Fig. 7B, panels b, e and f against panels a, c and
d). Morphological abnormalities of yeast-like mutant cells did
not affect cell viability, since the growth curves of all strains
under study were almost identical (data not shown). Further-
more, trypan blue exclusion assay performed on each strain at 0,
12 and 24 h of growth in YPD at 30 °C indicated that more than
90% of the cells were viable (not shown). It is possible that the
abnormal shape of yeast-like cells lacking one of the BCY1
alleles is a consequence of the defective regulation of PKA due
to lower levels of Bcy1p which in turn could produce alterations
of the cytoskeleton and/or of the cell wall structure, thus
compromising the localization of Bcy1p. It has been reported
that in Neurospora crassa, striking morphological abnormali-
ties are associated with mutations in the regulatory subunit
conducive to lower expression levels [38]. Also, a recent work
of Jung et al. [39] demonstrated that C. albicans mutant cells
devoid of Pde2p, characterized by a constitutive activation of
the cAMP pathway, have defective cell wall and membrane.
At 2 h post-induction in GlcNAc liquid inducing medium at
37 °C, strain tpk2 as previously reported [13], as well as the
derived strain tpk2 BCY1-GFP exhibited a normal hyphal
morphology similar to the wild-type strain CAI4 (Fig. 7A,
panels e, g and h and Fig. 7C, panels a, c and d). Strains lacking a
BCY1 allele showed predominant pseudohyphal morphology,
although true hyphae could also be observed (Fig. 7A, panels f,
l and m). CFW staining confirmed these observations showing
hyphae and pseudohyphae with multiple constrictions in these
mutant strains (Fig. 7C, panels b, e and f). As we have previously
reported [11], tpk2 bcy1 mutant cells are incapable of normal
germination (Fig. 7A, panels k and n). These consistent
observations led us to infer that at least one BCY1 allele is
necessary to allow yeast cells to germinate under these
experimental inducing conditions. A normal hyphal growth
was also observed for tpk1 and the derived strain tpk1 BCY1-
GFP (data not shown).We conclude that the presence of the GFPtag does not interfere with the functionality of the regulatory
subunit, since if the fused proteins were non functional, a
germinative phenotype resembling that of strains lacking one
BCY1 allele would have been expected.
Similar results were obtained in Lee [40] liquid inducing
medium (data not shown).
The results presented above indicate that the presence of both
BCY1 alleles activates exclusively hyphal growth; with one
allele, both pseudohyphae and hyphae develop; while the
absence of both BCY1 alleles prevents hyphal growth [11]. It
can be inferred that a tight control of PKA activity is required
for optimal hyphal growth. Our data are in line with those from
other studies showing that hyperactivation of the cAMP
pathway results in a shift from the hyphal to the pseudohyphal
mode of growth. Higher levels of cAMP, binding to Bcy1p,
abolish its interaction with Tpk1p or Tpk2p leading to the loss
of regulation of their catalytic activity [14].
Our findings that mutant strains missing one BCY1 allele
exhibited alterations in cell structure, morphogenetic phenotype,
cAMP dependence of PKA activity and localization of the Bcy1
protein strengthen the idea that in C. albicans, the existence of a
regulated PKA, through the expression of both BCY1 alleles, is a
determinant for the preservation of the cell construction as well
as for normal mycelial development. The assessment of the
germinative phenotype as well as the subcellular localization of
the regulatory and catalytic subunits in mutant strains bearing
only one TPK1 or TPK2 allele in a BCY1/bcy1 genetic
background could possibly bring additional evidence on this
point. These studies are now in progress in our laboratory.Acknowledgments
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